Tuberous sclerosis complex (TSC) is characterized by the formation of tumors in multiple organs and is caused by germline mutation in one of two tumor suppressor genes, TSC1 and TSC2. As for other tumor suppressor gene syndromes, the mechanism of somatic second-hit events in TSC tumors is unknown. We grew fibroblast-like cells from 29 TSC skin tumors from 22 TSC subjects and identified germline and second-hit mutations in TSC1/TSC2 using next-generation sequencing. Eighteen of 22 (82%) subjects had a mutation identified, and 8 of the 18 (44%) subjects were mosaic with mutant allele frequencies of 0 to 19% in normal tissue DNA. Multiple tumors were available from four patients, and in each case, second-hit mutations in TSC2 were distinct indicating they arose independently. Most remarkably, 7 (50%) of the 14 somatic point mutations were CC>TT ultraviolet 'signature' mutations, never seen as a TSC germline mutation. These occurred exclusively in facial angiofibroma tumors from sun-exposed sites. These results implicate UV-induced DNA damage as a cause of second-hit mutations and development of TSC facial angiofibromas and suggest that measures to limit UV exposure in TSC children and adults should reduce the frequency and severity of these lesions.
INTRODUCTION
Tuberous sclerosis complex (TSC) is a member of a large family of autosomal dominant syndromes in which a germline mutation in one allele of a tumor suppressor gene (TSG) predisposes patients to developing multiple tumors, often in a characteristic pattern, that exhibit somatic mutation of the second allele. A wide variety of genetic mechanisms contribute to somatic second hits in TSGs, although the specific cause of these somatic events is unknown, and they are thought to be stochastic in nature (1) .
TSC is caused by inactivating mutations in either of two tumor suppressor genes TSC1 or TSC2 leading to aberrant activation of mTORC1 (mammalian Target Of Rapamycin Complex 1) and tumor development (2) . Distinctive tumors are seen in the skin, brain, heart, kidney and other sites. Among TSC tumors, kidney angiomyolipomas have been studied most extensively and typically lose the second allele of TSC1 or TSC2 through large genomic deletion, mitotic exchange or gene conversion, all detectible by loss of heterozygosity (LOH) analyses (3). Here we report the first detailed analysis of genetic events in TSC skin lesions. We find strong evidence for a UV cause for second-hit mutations in TSC2 in facial angiofibromas in TSC patients.
RESULTS
Dermal fibroblast-like cells from TSC skin tumors and fibroblasts from normal-appearing skin were grown from explants (4, 5) of .50 skin samples from 22 subjects with TSC (Table 1) (6) . Immunoblot analysis revealed that most tumor † M.E.T. and J.A.W. contributed equally to this work. * To whom correspondence should be addressed at: Brigham and Women's Hospital, One Blackfan Circle, Boston, MA 02115, USA. Tel: +617 3559005; Fax: +617 3559016; Email: dk@rics.bwh.harvard.edu cell lines showed reduction in the expression of TSC2 with elevated phospho-S6 (Ser235/236) levels, consistent with two hit loss/inactivation of TSC2 and activation of mTORC1 ( Fig. 1) , as is seen in TSC tumors from other organs (7, 8) . DNA preparations from 29 tumor cell lines (17 facial angiofibromas, 7 periungual fibromas, 2 shagreen patches, 2 fibrous plaques and 1 oral fibroma) were analyzed by next-generation sequencing (NGS) using an approach that enables high read-depth (.5000x) across all of the coding exons, adjacent introns, promoter regions and most of the genomic extent of TSC1 and TSC2 (9). Multiplex ligation-dependent probe amplification (MLPA) and RT-PCR sequencing of RNA were also performed to search for genomic deletions and splicing defects, respectively. All findings were confirmed by secondary studies using Sanger bidirectional sequencing in the case of variants seen at .20% allele ratio and SNaPshot analysis for those seen at ,20% allele ratio and compared with analysis of DNA isolated from subject normal skin fibroblasts, blood, or saliva. Eighteen of 22 (82%) subjects had a mutation in TSC1/TSC2 identified in one or more skin samples ( Table 2) . Eight of the 18 (44%) were mosaic, with allele frequencies in the tumor cell lines ranging from 2 to 50%. In these 8 subjects, mosaic mutations were seen at frequencies from 0 to 19% in the analysis of normal tissue samples. In one mosaic subject's tumor culture (P4T), we identified deletion of portions of TSC2 by MLPA that was not detected in the normal skin sample ( Table 2 ). The deletion of TSC2 was homozygous (94% copy number loss) in the tumor, suggesting somatic gene conversion as the mechanism of the second hit. In two other cases (P5 and P11), the mosaic mutation was not seen (NGS read frequency ,0.01%) in normal skin fibroblasts, suggesting extreme low-level mosaicism or selective loss of the germline mutation-bearing clone in these cultures. Mosaicism is well-known in TSC but is uncommon (2). The high frequency seen here likely reflects enrichment of these subjects for those with adult diagnosis or presentation of TSC (Table 3 ) (6) .
Sixteen of 25 (64%) tumor cell lines with at least one mutation in TSC1/TSC2 had two or three mutations identified. These additional, second-hit mutations were not seen in any control DNA sample from the same patient and were often present at low allele frequency likely due to normal cell contamination of the cultures. Three of these 16 cell lines had two TSC2 somatic mutations, consistent with subclonality, possibly due to coalescence of closely spaced tumors. Interestingly, we identified distinct second-hit mutations in TSC2 in multiple tumors that were available from four patients (P3, P5, P6 and P7) indicating that they developed from different progenitor cells, despite being derived from similar regions on the body. In one sample from one of these patients (P3T2), who had a mosaic mutation in TSC2, we detected an unexpected somatic mutation in TSC1 at 2% mutant allele frequency. It seems unlikely that a mono-allelic mutation in TSC1 would complement a mutation in TSC2 and lead to mTOR activation. While this mutation may be chance observation, its presence in only one tumor, combined with the absence of the second-hit TSC2 mutation identified in P3T1, supports the divergent origins of the two tumors in this patient. Strikingly, 17 (89%) of the 19 second-hit mutations that were identified were small indels or point mutations and not large genomic deletions or recombination events that would be detected as LOH, in contrast to TSC kidney angiomyolipoma where LOH is seen in 70% (3). In one culture, the germline and somatic mutations in TSC2 occurred within 50 nt of each other, and Integrative Genomics Viewer (IGV) (10) examination of NGS sequencing reads confirmed that the two mutations had occurred in trans, affecting both alleles (Fig. 2) .
Most remarkably, 7 (50%) of the 14 somatic point mutations were CC.TT, a mutation type that has never been seen in TSC germline analysis, with .1500 germline mutations identified in TSC1/TSC2 (2) (http://chromium.liacs.nl/LOVD2/TSC/ home.php, last accessed on 30 November 2013.) (Figs 2 and 3 ; Table 2 ). CC.TT mutations are well known to be a product of sunlight-induced DNA damage caused by the formation of cyclobutane pyrimidine dimers at adjacent pyrimidines in DNA in response to ultraviolet A or ultraviolet B radiation (11) . Furthermore, CC.TT mutations in TSC1/TSC2 were seen exclusively in cultured cells from facial angiofibromas, 7 (54%) of 13, and not in other cutaneous tumors (fibrous plaque, shagreen patch, ungual fibroma and oral fibroma), 0 of 6 (P ¼ 0.0436, Fisher exact test).
DISCUSSION
Each type of TSC tumor has a distinctive natural history and time course, for which the mechanism is largely unknown (12) . TSC facial angiofibromas are rare in infants, typically begin to appear at about age 3 to 5 years, and attain greatest severity during the teenage years and later (13) . Our observations that somatic second-hit mutations of the form CC.TT occur in TSC facial angiofibromas at high frequency, indicative of sunlight-induced DNA damage, have several important implications. First, this is First column is patient sample number. Second column refers to age of onset of TSC; with 1 denoting childhood onset and diagnosis; 2, childhood onset and adult diagnosis and 3, adult presentation. Germline mutations are highlighted in bold. # denotes angiofibromas with one or two UV-induced mutations. SS, Sanger sequencing; MLPA of TSC1 and TSC2;
ND, not done. the first instance of a tumor suppressor gene syndrome in which the mechanism of somatic second-hit mutations has been identified, providing a deeper understanding of the pathogenesis of this disease. Sunlight-induced mutations are well known to occur in TP53 in both sporadic and Gorlin syndrome-associated basal cell carcinoma of the skin, but second-hit inactivation of PTCH in Gorlin basal cell carcinoma is typically due to LOH (14, 15) . Second, these observations indicate that somatic mutations critical for the pathogenesis of many TSC facial angiofibromas occur after birth in response to environmental sunlight exposure. The cell of origin and the timing of second-hit events critical for the development of TSC tumors are uncertain for non-brain tumors, and our data suggest that it is a resident skin cell in the facial dermis that sustains a second-hit event in TSC1/TSC2, and possibly other events, and begins to develop into a facial angiofibroma in many cases. This sequence and timing of events fits the clinical time course of the development of facial angiofibromas. Finally, our observations suggest that simple sun protective measures, such as avoidance of sun exposure and use of hats or sunscreen, may reduce the number and potentially the severity of these tumors, which are a common (seen in 80%) and major problem in TSC.
MATERIALS AND METHODS

Subjects
All subjects were patients with TSC seen at the National Heart, Lung, and Blood Institute at the National Institutes of Health Clinical Center where there has been a clinical program focused on lymphangioleiomyomatosis under the direction of JM for many years. Diagnosis of TSC was based on the presence of at least two major or one major and two or more minor diagnostic features (16) . Inclusion criteria were age 18 years or older and being capable of providing written informed consent, which was provided by all patients. All patients were female because this cohort was enriched with patients known to have lymphangioleiomyomatosis, a disorder that occurs Figure 2 . IGV screenshot demonstrating that TSC2 c.1803C.G (splice) and TSC2 c.1830_1831CC.TT, p.R611W mutations do not occur in the same amplified DNA molecules generated from cultured skin tumor P7T1 and thus arose on opposite alleles of TSC2. Human (17) . Samples of blood, saliva and skin were obtained from the patients. In addition, they were evaluated by clinical history, physical examination, pulmonary function testing, chest radiography, abdominal computed tomography, high-resolution computed tomography of the chest and brain magnetic resonance imaging.
Cell culture
Samples of angiofibromas, periungual fibromas, shagreen patches, forehead plaques, oral fibromas and normal-appearing skin were obtained for routine pathology and cell culture. To isolate fibroblast-like cells, the skin samples were cut into small pieces and placed in DMEM supplemented with 10% FBS (Gibco), 100 units/ml penicillin and 100 mg/ml streptomycin in culture dishes. Medium was changed twice weekly until the fibroblasts migrated out to cover the dishes. Cells were harvested for serial passage and cryopreservation (5).
Western blot
Cells were seeded overnight into 60-mm dishes at 5 × 10 5 cells in DMEM with 10% FBS and switched to serum-free DMEM for 24 h. Cells were lysed in protein extraction buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 20 mM NaF, 2.5 mM Na 4 P 2 O 7 , 1 mM b-glycerophosphate, 1 mM benzamidine, 10 mM p-nitrophenyl phosphate, 0.1 mM phenylmethylsulfonyl fluoride]. Total cellular protein was measured using BCA reagent (Pierce Chemical Co.). Equivalent samples of total proteins were separated using 10% (wt/vol) polyacrylamide gels and transferred to 0.45-mm Invitrolon PVDF membranes (Invitrogen) before immunoblotting with anti-Tuberin/TSC2 (D93F12), anti-Hamartin/TSC1, anti-phospho-S6 ribosomal protein (Ser-235/236), anti-S6 ribosomal protein antibodies (Cell Signaling) and b-actin (Sigma-Aldrich), horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) and Immobilon Western Chemiluminescent HRP Substrate (Millipore).
DNA and RNA analysis
Genomic DNA was isolated from TSC patient cells using DNeasy Blood & Tissue Kit (QIAGEN). Total RNA was extracted from the cells using the RNeasy Mini Kit (QIAGEN).
Next-generation sequencing and validation
Next-generation sequencing of most of the genomic extent of TSC1 and TSC2 was performed on the HiSeq 2000 (Illumina, San Diego, CA, USA) as described previously (9) . Briefly, longrange PCR was performed on DNA prepared from the tumor cell cultures to amplify all of the coding exons and most of the intronic sequence of each of TSC1 and TSC2. Amplicons were purified and used to prepare a small fragment library for Illumina sequencing (9) . Libraries from different samples were generated with different indices and then mixed at an equimolar ratio and sequenced on an Illumina GAIIx or HiSeq 2000 sequencer for 50-75 nt reads.
Sequencing data output was analyzed using a combination of standard tools and custom software to enable detection of sequence variants at ≥1% frequency. The primary data were deconvoluted using the index sequences to individual sample files and converted to FASTQ format, aligned to the human genome using bwa-0.5.8c (Burrows-Wheeler Alignment) (18) , filtered to eliminate reads of low quality and to reduce redundancy to a uniform 50 reads starting at each nucleotide position of interest in each direction. The data were then analyzed for sequence variants using tools from the Genome Analysis Toolkit (GATK) (19) , including IndelGenotyperV2 and Unified Genotyper, to identify both indels and single-nucleotide variants. A second approach was used in parallel to analyze the sequence data, with capture of read calls at all positions using Pileup (SAMtools), followed by custom processing in Python and Matlab to determine nucleotide call frequency at each position in each read orientation. The output from these analyses was reviewed in comparison with those from other samples, including controls, to exclude artifacts derived from the sequencing process. All variants seen at a frequency of ≥1% more than that seen in other samples were directly reviewed using the IGV (10) (IGV; www.broadinstitute.org/software/igv/) to help confirm bona fide variant calls and to exclude sequencing artifacts. A median read-depth for each exon of TSC1 and TSC2 of .5000 was achieved by this procedure.
Single-nucleotide variants and indels that were identified as novel and/or of possible significance were confirmed by secondary analysis of the DNA sample, using Sanger bidirectional sequencing in the case of variants seen at .20% allele ratio and SNaPshot analysis for those seen at ,20% allele ratio. SNaPshot extension products were analyzed on an ABI 3100 sequencer (Applied Biosystems, Carlsbad, CA, USA), and the proportion of alleles was quantified using GeneMapper version 3.0 (Applied Biosystems) (20) . In this analysis, small peaks were seen for variant nucleotides in some cases because of spontaneous base misincorporation. However, comparison with control samples permitted discrimination of bona fide variants at allele frequencies as low as 2%. The allele frequency of mutant alleles was determined as M/(M + W), where M and W are the peak areas of the mutant and wild-type allele products, respectively, after subtraction of the signal seen in control samples. All SNaPshot experiments were replicated at least once. For variants seen at allele frequency of ,2%, confirmation was performed by repeat NGS analysis of individual amplicons. Several apparent germline variants were not seen in control skin cultures. For these samples as well, targeted NGS was performed, enabling analysis of .10 000 reads at the nucleotide position of interest to search for very low frequency alleles.
Multiplex ligation-dependent probe amplification (MLPA) and RT-PCR sequencing MLPA was performed using commercially available probe sets for every exon of TSC1 and TSC2 and flanking exons, available from MRC-Holland, as described previously (21) . RT-PCR sequencing was performed by standard methods using unfractionated RNA, and cDNA probe sets that cover the entire coding region of each of TSC1 and TSC2 in six and eight overlapping amplicons, respectively, as described previously (21) .
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Statistics
Statistical analyses were performed using the Fisher exact test and the Mann -Whitney U (Wilcoxon rank-sum) test in Prism version 1.0.
Study approval
Patients with TSC were enrolled between 2002 and 2012 in protocols 00-H-0051, 95-H-0186 and/or 96-H-0100 approved by the National Heart, Lung, and Blood Institute/National Institutes of Health Institutional Review Board. All subjects provided written informed consent.
